We have studied the properties of p + -type doped porous silicon, formed by electrochemical etching, when is left in presence of the electrolyte for different post-etching times. Using an interferometric technique, we monitored the formation of the porous silicon layer during the electrochemical treatment as well as the change of its porosity during the post-etch process due to a chemical dissolution mechanism. These data are complemented with a study of the photoluminescence modification for different post-etching times.
INTRODUCTION
Porous silicon (PS) is obtained by an electrochemical etch of silicon in an HF rich electrolyte. Its structure is complex with a random network of nanometer sized pores with large size dispersions. The nanostructured silicon which forms the skeleton of the material has fascinating properties which results mainly from quantum confinement of excited electron-hole pairs. Light emission under optical and electrical pumping in the visible and at room temperature has been observed in the last years [1, 2] .Other applications of PS as a passive material have been demonstrated [3, 4, 5, 6] . For instance, the modulation of the electrochemical current with time during the growth allows an easy realization of multilayer structures that can behave as distributed Bragg reflectors (DBRs) [7, 8] , microcavities [9] , waveguides [10] , etc.
The optical properties of PS are determined by both the complex network of nanometric air pores and by the silicon skeleton. Usual treatment assumes an effective medium approximation where the refractive index of PS is the results of some weighted average of the contributions of the air pores and of the crystalline skeleton. Therefore the optical properties of PS are very dependent on the details of its structure. Electrochemical etch of lightly doped (100)-oriented silicon produces a very branched structure of pores of very small diameter (less than 5 nm), while heavily doped PS presents a geometry of bigger pores (10 to 50 nm) parallel oriented [11] . In past works, it has been demonstrated that after the electrochemical fabrication of a PS layer, subsequent chemical etching in the HF electrolyte alters the properties of the layer due to enlargement of the diameter of the pores. Indeed, the light emission spectra of these postetched layers were blue shifted with respect to those of the original PS layers which supports an hypothesis of a reduction of the sizes of the silicon skeleton which in turn increases the quantum confinement of carriers and, hence, the energy of the emission [1, 12] .
Using in-situ laser beam interference, the optical path of the PS layer (n×l, where n is the refractive index and l the thickness) can be monitored during anodization [13] . Even two different beams with different incident angles can be analyzed simultaneously to obtain information about the porosity and etch rate drifts independently [14] . This kind of in-situ measurements have the advantage of allowing a continuous monitoring of the optical properties of the PS layer during the anodization. In this work we make use of this in-situ interferometric technique to study the etching in HF of a PS layer after the anodization process. We complement these data with photoluminescence (PL) measurements. Figure 1 sketches the experimental setup. The sample immersed in the electrolyte is illuminated by an extremely weak laser beam at an angleϑ. The reflectance of this beam is measured as a function of time during the electrochemical etching. The intensity of the reflected beam is a consequence of the interference of the two beams reflected at the various interfaces. In order to analyze the interference, a ray equation has to be solved [14] . Let us assume that a layer is being etched with a constant current density, i. e. we assume that the refractive index n PS of PS remains constant. It can be shown that the optical path difference D between the beam reflected on the top PS/electrolyte interface and the one reflected on the bottom PS/silicon interface is:
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where l is the PS thickness, n HF is the refractive index of the electrolyte, and ϑ is the incidence angle of the beam (see Fig. 1 ).
During the PS etching the current density is kept constant, therefore n PS remains constant while l increases proportionally with time. As a consequence D increases with time and the beam reflectance is an oscillating signal. The oscillation frequency v cur (t) is linked to the change rate of the optical path difference dD dt :
ZKHUH 0 is the wavelength of the beam. Therefore: In this work, we are interested in the variation of PS when exposed to the electrolyte after the electrochemical attack. For this reason we leave the PS in the solution after the current has been turned off, and we look at the evolution of the reflectance signal. An oscillating signal is measured also in this case. This means that during the post-etching treatment the density of the PS layer is reduced by the chemical etching of HF. Equations (1) and (2) are still valid. However the optical path difference D changes are mainly associated with reductions in the PS layer refractive index n PS , while l is constant (see later). The oscillating frequency of the reflectance during the post-etching process ν pe (t) follows from (2) when only n PS varies with time:
As n PS > n HF one can expand (4) in terms of 
Equation (6) relates the oscillating reflectance frequency with the variation in the PS refractive index.
EXPERIMENT
The porous silicon samples were fabricated starting from p + -type boron-doped silicon substrates of low resistivity (0.01
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volumetric fraction of aqueous HF (48 wt. %) with ethanol. We performed the electrochemical etch in dark applying a constant current density of 40 mA/cm 2 on an area of 1 cm 2 . The HP 6612C current source was controlled by a computer.
Once the electrochemical etch was ended, the PS layer was left in the electrolyte in dark, and the post-etch chemical etching was initiated. Several post-etching duration times were used. For photoluminescence measurements the PS layers were extracted from the electrolyte and dried in air.
The optical set up of the experiment is shown in Fig. 1 . The in situ monitoring of the optical path change was performed using a 632.8 nm He-1H ODVHU ZLWK D SRZHU RI : 7KLV ORZ SRZHU OHYHO DVVXUHV QR HIIHFW RQ WKH HOHFWUochemical etch and post etching due to the light beam. The incidence angle of the laser beam on the sample was 8º and the spot size was ~2 mm. The reflected beam was focalized onto a silicon photodiode. The current signal of the photodiode was amplified and acquired with a computer.
The photoluminescence (PL) experiments were performed pumping with all the lines of an Ar CW laser, focalizing a 100 mW beam on the sample, and collecting with a 25 cm focal length monochromator, and finally detecting the signal with a photomultiplier. Since the intensities of the PL spectra for the various samples were not comparable, the PL data we are reporting are normalized to their maximum. 
RESULTS
We made PS samples with different thicknesses, i. e. electrochemical etch times (400, 800, 1200 and 1600 s), and we analyzed the post etching for much longer times (up to 18000 s). A representative example of the reflected signal during the etching and the post-etching periods is reported in Fig. 2 . Some spikes appear in the reflected intensity mainly due to the gas bubbles which form during the etching. An oscillating reflectance is observed as theoretically expected. The fast oscillations during the electrochemical etch are due to the rapid increase of the PS thickness. When the electrochemical attack is ended, the reflectance signal is still oscillating though with a much smaller velocity (see the zoom in Fig. 2c ). This is somehow unexpected and indicates that some kind of etching is occurring even when the current is stopped. Apart from the frequency changes, it is also worth noticing in Fig. 2c that the phase of the oscillating reflectance signal changes sign. Since during the electrochemical etch the optical path of the layer grows, a change of phase when the current is stopped indicates that the optical path starts to decrease. This can be explained by a decrease of the refractive index of the PS layer due to the chemical etching of the silicon. It is also interesting the fact that the frequency of the reflectance oscillations decreases during the post-etching process.
After 4150 s of chemical etching, i. e. at time 5000 s, a 10 s short current pulse was applied to increase the PS layer thickness. During this short electrochemical etching step, the reflectance signal starts again to oscillate with high frequency (see Fig. 2d ). After the current pulse, the reflectance signal continues to oscillate with the same frequency and phase it had before. This simple experiment is very indicative. In fact, one could attribute the low frequency reflectance oscillations observed during the post-etching treatment to some slow variations of the electrolyte composition within the PS layer, due to the out-diffusion of some chemical components (e. g. F -ions). This diffusion could change the effective refractive index of the PS layer producing a change in its optical thickness which could be observed by variations in the reflectance. The experiment shown in Fig. 2d discards this explanation. The short current pulse recovers the electrolyte composition within the PS layer and starts again the electrochemical etch of PS. After the small pulse of current the frequency of the reflectance signal is the same as that before the current pulse. This fact demonstrates that the slow oscillations during the post-etching are not a transient that occurs after any current stop due to out-diffusion of chemical species from the PS, but are due to a chemical process that changes the optical properties of the PS layer. From the reflectance oscillations, the time dependence of their frequencies can be extracted. Figure 3a shows the frequency of the signal versus the post-etching time for four different PS samples obtained with the same current but different length of the electrochemical attack: 400, 800, 1200 and 1600 s. Since eq. (6) predicts a frequency of oscillations proportional to the thickness of the layer, in fig. 3b the thickness normalized frequencies versus the postetching time are reported for the various PS samples. All the data points align which supports the theoretical model we used and implies that the rate of refractive index variation is the same for the different PS layer thickness. The data can be fitted with a double exponential with τ1 = 400 s and τ2 = 8200 s (lines in Fig. 3b ). In fig. 4 we show the PL measurements for various PS samples obtained with an electrochemical etching 800 s long but with different post-etching durations. In the first minutes of the post-etching treatments (Fig. 4a) , a slight luminescence lineshape change is observed where the relative intensity of the short wavelength (550-700 nm) emission increases until a maximum is reached at 1800 s of post-etching time. For longer times, this short wavelength contribution decreases. For even greater post-etching times (Fig. 4b) , a blue shift of the emission is appreciated. The peak position of the luminescence versus post-etching time is shown in fig. 5 . 
DISCUSSION
From the experimental study we have found that: 1. during the post-etching the refractive index of PS decreases following a slow chemical etch of the layer; 2. the rate of the decrease of the refractive index is characterized by two time scales: at short times a fast decrease in n PS is observed and at long times a slower decrease in n PS is observed; 3. the luminescence spectra of PS depends on the post-etching time; 4. a contribution at short wavelength in the emission appears and disappears at short times; 5. the luminescence blue shifts at longer times.
We propose a model that could explain the behaviors observed in PL as well as the in situ monitoring of the postetching. It is based on the very inhomogeneous structure of the silicon skeleton in PS. It is well known that PS formed on p + -type silicon is mainly composed by a large (3-10 nm in size) highly filamentary crystalline silicon network. These filaments are coated by smaller (1-4 nm in size) silicon nanostructures. These two different kinds of silicon nanostructures emit light in two different wavelength ranges because of the different quantum confinement characteristics. In addition, they are chemically etched by HF at different rates because of the different surface curvature and surface-volume ratio. Considering the inhomogeneous nature of PS we could explain our experimental observations as follows. The residence of the PS layer in the electrolyte causes a slow chemical etching of PS with a negligible PS thickness increases but a significant increase of porosity, i. e. decrease of refractive index, because silicon is consumed during the etch. The first fast exponential decrease of the refractive index is due to the etching of the small silicon nanocrystals. At the same time the short wavelength component of the luminescence emission of PS increases and then decreases following the rapid formation of small silicon nanocrystals and then their complete dissolution. At longer post-etching times, a second process becomes dominant characterized by a different rate. This process is the dissolution of the large filamentary silicon skeleton. The dissolution rate is now slower due to the smaller surface-volume ratio and the longer surface curvature radii. The luminescence emission band shifts to the blue following the progressive thinning of the filamentary silicon nanostructures.
CONCLUSIONS
In this work we have investigated the structural changes of p + -type PS when chemically etched in HF for long times. We have characterized the etching process in terms of the change rate of the optical path making use of an interferometric setup. Two rates have been observed: one fast and one slow. The structure modification with the postetching time leads also to appreciable variations in the photoluminescence spectra. Besides the main gaussian centered at 800 nm we observed a short wavelength contribution that grows and disappears in the first minutes of the postetching treatment, followed by a blue shift. We suggest an explanation for this behavior in terms of two different scales of silicon nanostructures that are etched at different velocities.
